The utility of polarized electron beams for precision electroweak studies is described. Parity violating Møller scattering asymmetries in e − e − → e − e − are discussed. Effects of electroweak radiative corrections and the running sin 2 θ W (Q 2 ) are reviewed. The sensitivity of E158 (a fixed target e − e − experiment at SLAC) and future e − e − collider studies to "new physics" is briefly outlined.
Polarization and Precision Measurements
Polarized beams provide powerful tools for testing the Standard Model and probing "new physics" effects. They can be used to enhance signals, suppress backgrounds, study particle properties, and carry out precision measurements. A beautiful illustration of the last possibility is provided by the SLD measurement of A LR at the Z pole 
That quantity is very sensitive to sin 2 θ W A LR = 2(1 − 4 sin 2 θ W ) 1 + (1 − 4 sin 2 θ W ) 2 (Tree level).
In fact, for sin 2 θ W ≃ 0.23, one finds ∆ sin 2 θ W / sin 2 θ W ≃ − 1 10 ∆A LR /A LR . Hence, a ±1% measurement of A LR determines sin 2 θ W at the ±0.1% level.
Based on about 500 thousand Z decays and employing a polarized e − beam with polarization reaching P e − ≃ 77%, the SLD collaboration has reported 1 the single best measurement of the weak mixing angle (defined here by modified minimal subtraction) sin 2 θ W (m Z ) MS = 0.23073 ± 0.00028,
1 which weighs heavily in the (leptonic) Z pole average (from SLD and LEP) sin 2 θ W (m Z ) MS = 0.23091 ± 0.00021.
Taken on their own, the quantities in eqs. (3) and (4) are merely precise numbers. They become interesting when interpreted in the context of a complete (renormalizable) theory such as the SU (3) C × SU (2) L × U (1) Y Standard Model or its various extensions. Then, symmetries provide natural relationships among couplings and masses which can be tested by comparing different precision measurements. For example, the fine structure constant, Fermi constant, and Z mass α −1 = 137.03599959(40)
can be compared with the weak mixing angle via 
Comparing that prediction with the world average in eq. (4) suggests a relatively light Higgs,
which is centered somewhat below the LEP II direct search bound 3 m h > 106 GeV (95% C.L.)
In fact, the SLD value in eq. (3) favors an even smaller m h . If the Higgs mass turns out to be well outside the range in eq. (8), then one must append "new physics" to the Standard Model either through loop effects or small tree level contributions. It would be nice to push the current ±0.1% test in eq. (6) as far as possible. Indeed, α, G µ , and m Z are all already known to much better than ±0.01% (and will be or can be further improved). Can one reduce the uncertainty in sin 2 θ W (m Z ) MS from its current ±0.1% to ±0.01%? If so, it would provide a sensitivity to m h at the incredible ±5% level (assuming m t and hadronic loop uncertainties are also improved).
The only known way to improve sin 2 θ W (m Z ) MS is to carry out a clean high statistics study of asymmetries such as A LR . In that regard, the NLC (Next Linear Collider) will be capable at an early stage of sitting at the Z resonance and collecting 10 8 − 10 9 Z decays in a relatively short time. With such statistics, sin 2 θ W (m Z ) MS can, in principle, be obtained via A LR to better than ±0.01%. Systematics then become the issue. The dominant systematic uncertainty at the SLD was a ±0.5% polarization error which contributes to ∆ sin 2 θ W at the ±0.0001 level. One would need to reduce the polarization uncertainty to ±0.1% to reach ±0.01% in sin 2 θ W (m Z ) MS . Such a reduction would be possible if both the e + and e − beams were polarized. Then, the effective polarization (they add like relativistic velocities)
enters
where N LR denotes the number of e − L e + R induced hadronic Z decays. For |P e − | = 0.9000 ± 0.0045 and |P e + | = 0.6500 ± 0.0065 (i.e. ±1% e + polarization), one finds P eff = 0.9779 ± 0.0012 as required for a ±0.01% determination of sin 2 
Improving the direct measurement of sin 2 θ W (m Z ) MS can have other applications. The Z pole determination is relatively pure and free of "new physics." Below, we demonstrate its utility for comparison with polarized Møller scattering asymmetries which could exhibit effects from "new physics" beyond the Standard Model.
Polarized Møller Scattering -Fixed Target
Møller scattering e − e − → e − e − has been a well studied, classic low energy reaction. 4 Employing polarized electrons, one can, in principle, measure parity violating weak interaction asymmetries. 5 At tree level, the A LR in Møller scattering comes from an interference among the diagrams in Fig. 1 . For a single polarized e − , the asymmetry corresponds to
while in the case of both e − polarized, a second asymmetry becomes possible 6
The subscripts denote the initial e − e − states' polarizations. As we subsequently show, both asymmetries would be measurable at a high energy e − e − collider where polarizations of 0.90 for each beam are likely. Since dσ LR = dσ RL by rotational invariance, they differ only in their denominators. Let us begin by considering a fixed target scenario in which a 50 GeV polarized electron beam scatters off a fixed target of electrons. That case will be addressed in the near future by SLAC experiment E158. 7 In the center-of-mass frame, the differential cross-section is characterized by the scattering angle θ with respect to the beam axis or
The variable y relates the momentum transfer Q 2 = −q 2 and center-of-mass energy √ s via
Since the cross-section grows as 1/y 2 (1 − y) 2 s, very high statistics are possible at small angle and/or small s. However, the asymmetry grows with s. All things considered, it is generally better to measure A LR at high s, but lower energy fixed target facilities can compensate by having very large effective luminosities. For example, E158 at SLAC will have s ≃ 0.05 GeV 2 and aims to measure (with high precision) a very small asymmetry A LR ∼ 1.5 × 10 −7 . That is only possible because their luminosity will be L ≃ 4 × 10 38 cm −2 /s. At small Q 2 = ys ≪ m 2 Z , the left-right polarization asymmetry in Møller scattering is given by (at tree level) 5
or for comparison with the Z pole asymmetry
To be at all competitive with the ±0.00028 uncertainty in sin 2 θ W found by SLD, very high statistics are required or equivalently, a very good determination of A LR ,
Again, one sees the enhanced sensitivity to small changes in sin 2 θ W . E158 aims for a ±0.0007 to ±0.0004 measurement of sin 2 θ W which will make it the best low energy determination of that quantity. As we subsequently illustrate, it will be sensitive to the running of the weak mixing angle as well as "new physics" effects.
Polarized Møller Scattering at Collider Energies
Møller scattering, e − e − → e − e − , at the NLC can also be used for precision tests of the standard model as well as direct and indirect searches for "new physics." 8, 9 Indeed, in some cases it can provide a more powerful probe than e + e − . One can assume with some confidence that both e − beams will be polarized with |P 1 | = |P 2 | = 0.9 and about ±0.5% uncertainty each. The effective polarization will therefore be (with like sign P 1 and P 2 )
We see that P eff will be very large and has essentially negligible uncertainty compared to P 1 and P 2 .
The differential cross-section in high energy collider Møller scattering is also characterized by a single parameter, the scattering angle θ with respect to the beam axis or
The cross-section grows as 1/y 2 for small angle scattering. Hence, very high statistics are possible in the small angle region. Good angular coverage is therefore important for precision measurements. As before, the variable y relates s and the momentum transfer Q 2 = −q 2 via Q 2 = ys, 0 ≤ y ≤ 1. Note, that y and 1 − y correspond to indistinguishable events. Very forward (small angle) e − e − events will therefore be composed of high and low Q 2 contributions.
As previously noted, one can consider two distinct but similar parity violating Møller asymmetries: the single spin asymmetry A (1) LR defined in eq. (12) and double spin asymmetry A (2) LR in eq. (13). Experimentally, one can and probably will flip the individual polarizations (pulse by pulse) and measure N LL , N LR , N RL , and N RR (the number of events in each mode) for fixed luminosity and polarization. From those measurements, the polarizations and A (2) LR (y) can be simultaneously determined using 6, 10 
LR (y)
For P 1 = P 2 = 0.9, the correction term in parentheses of Eq. (23) is small but must be accounted for. Using Eq. (23), A
LR (which depends on sin 2 θ W ) can be extracted from data and compared with the standard model prediction. A deviation from expectations would signal "new physics."
In general the dσ ij for Møller scattering are somewhat lengthy expressions 10 with contributions from direct and crossed γ and Z exchange amplitudes (see fig. 1 ). To simplify our discussion, we consider for illustration the case ys and (1 − y)s ≫ m 2 Z ; so, terms of relative order m 2 Z /ys and m 2 Z /(1 − y)s can be neglected. In that limit, one finds at tree level 10 Because of the (1 − 4 sin 2 θ W ) dependence of A LR (e − e − ), even with relatively modest angular coverage limited to 0.1 ≤ y ≤ 0.9, Møller scattering can be used to measure sin 2 θ W rather precisely, to about ±0.0003 at √ s ≈ 1 TeV. Although not likely to compete with future potential very high statistics Z pole measurements, it will be competitive with present day measurements. In addition, Møller scattering can be used as a powerful probe for "new physics" effects. Indeed, for electron composite effects parametrized by the four fermion interaction 11 2π Λ 2 e L γ µ e L e L γ µ e L one finds ∆A LR ≈ sy(1 − y)c 2 W /αΛ 2 for e − e − Møller scattering. It can, therefore, be more sensitive than e + e − → e + e − (about 50% better) and could probe Λ ∼ 150 TeV.
If one is interested in an even more precise determination of sin 2 θ W via Møller scattering, extremely forward events must be detected. For example, assuming detector acceptance down to about 5 • (y = 0.0019), Cuypers and Gambino 6 have shown that ∆ sin 2 θ W ≈ ±0.0001 may be possible at a √ s = 2 TeV e − e − collider with P 1 = P 2 = 90%.
Radiative Corrections and sin
The tree level A LR for both E158 and future e − e − collider studies are proportional to 1 − 4 sin 2 θ W and hence suppressed because sin 2 θ W ≃ 0.23. Since some electroweak radiative corrections are not suppressed by 1 − 4 sin 2 θ W , they can be potentially very large. A complete calculation has been carried out 12 for small s as appropriate to E158. There it was shown that such effects reduce A LR by 40% and must be included in any detailed study. Here, we comment on the primary sources of those large corrections and show how much of the effect can be incorporated into a running sin 2 θ W (Q 2 ). We also discuss how those large effects carry over to collider energies. For a complete study of radiative corrections to Møller scattering at high In fig. 3 we illustrate the expected dependence of sin 2 θ W (Q 2 ) on Q and show how well it has already been measured for several Q 2 . We also illustrate the approximate potential of E158 and future e − e − and e + e − collider measurements at √ s = 1 TeV. One notices a 2σ discrepancy in the atomic parity violation result as compared with standard model expectations. That issue could be resolved or made even more interesting by results from E158 at SLAC.
In the case of e − e − collider studies, one can actually map out the variation in sin 2 θ W (Q 2 ) in a single experiment through measurements at different θ. We illustrate in fig. 4 the type of running that one is predicted to find at a √ s = 1 TeV e − e − collider. Notice, that by going to small angles (low Q 2 ), one can obtain very high precision. Of course, within the standard model, the measurements at different Q 2 would be radiatively corrected to provide a single precise determination of sin 2 θ W (m Z ) MS . However, demonstrating the running of sin 2 θ W (Q 2 ) over a large range in Q 2 in a single experiment will be an added bonus.
"New Physics" Effects
The real utility of high precision A LR measurements away from the Z pole is to search for or constrain "new physics." A disagreement with the extracted sin 2 θ W (m Z ) MS value from Z pole determinations could signal the presence of additional tree or loop level neutral current effects. Examples that have been considered include Z ′ bosons, compositeness, anomalous anapole moment effects, doubly charged scalars ∆ −− , extra dimensions, etc. For example, if E158 meets its phase one goal of a ±0.0007 determination of sin 2 θ W (m Z ) MS , it will probe the m Zχ of SO(10) at about the 800 GeV level, compositeness at the 10-15 TeV scale, the anapole moment at 10 −17 cm (or the X parameter 16 at ±0.15), and g 2 /m 2 ∆ −− ∼ 0.01G µ . At an e − e − collider, the larger value of s would significantly improve the "new physics" reach. Roughly, at √ s ≃ 500 GeV one could do a factor of 10 better in m Zχ and Λ comp than E158. In the case of the doubly charged Higgs, g 2 /m 2 ∆ −− ∼ 5 × 10 −5 G µ would be probed. Of course, the sensitivity would further improve as higher √ s values are reached.
Parity violating left-right asymmetries have played key roles in establishing the validity of the standard model. From the classic SLAC polarized eD measurement to the Z pole asymmetry, polarized electron beams have proved their worth. They will continue to provide valuable tools during the NLC era both in the e + e − and e − e − modes. In the case of precision studies of parity violating left-right scattering asymmetries, short-distance physics up to O(150 TeV) will be indirectly explored. Even more exciting is the possible direct detection of new phenomena such as supersymmetry at these high energy facilities. If "new physics" is uncovered, polarization will help sort out its properties and decipher its place in nature.
